ABSTRACT. This study examined and compared the branching pattern of the aortic arch (AA) and its major branches in the Siberian roe deer (Capreolus pygargus) on Jeju Island (Jeju roe deer [JRD]) with those in the roe deer of the Korean peninsula (mainland roe deer [MRD]). Seven of the nine expected types was observed in the arterial silicone casts of 29 deer (10 males, 19 females). The JRD was identical to the MRD in that absence of the typical pattern; however, the main three pattern types differed between the two. This difference resulted from differences in the branching patterns of the right subclavian artery and costocervical trunk. In conclusion, the JRD has different type of AA from the MRD.
The aortic arch (AA) arises from the heart, curves left, and continues as the thoracic aorta. Each mammalian species has the typical branching pattern of the AA and its major arteries [11, 12, 22, 28] . The word normal or typical in anatomy can be applied with regard to the most frequent structure when a structure is present more than 50% from statistical standpoint [6] . In ruminants, the typical pattern shows that only the brachiocephalic trunk (BCT) branches from the AA. BCT branches off the three arteries; i.e., the left subclavian artery (LSB), bicarotid trunk (BC) and right subclavian artery (RSB) [7, 17, 22, 28] . Cervidae species may have a typical pattern, except for the Siberian roe deer. The AA of the pampas deer (Ozotoceros bezoarticus), the Korean water deer (Hydropotes inermis argyropus), the brown brocket deer (Mazama gouazoubira), and the axis deer (Axis axis) branches off the BCT only, similar to other ruminants [1, 2, 23] . The pattern of the BCT in pampas deer is the same as that in small domestic ruminants; i.e., the SB on both sides of the pampas deer branches off the costocervical trunk (CCT), the internal thoracic artery (IT), and the superficial cervical artery (SC) in order. The BC divides into the left and right common carotid arteries (CCs). However, the BC is absent in the axis deer, the brown brocket deer, and the Korean water deer. In addition, the CCT arises before, simultaneously with, or from the SB in these three deer species. Recently, we reported that the Siberian roe deer (Capreolus pygargus, Pallas, 1771) on the Korean peninsula has no typical AA pattern, unlike the above-mentioned deer [26] .
The Siberian roe deer ranges from the eastern regions of Europe, including the Volga area and the Ural Mountains, to the Far East [5, 8, 9] . In the Republic of Korea, the Siberian roe deer lives on the Korean peninsula and Jeju Island, and is considered a subspecies of Siberian roe deer, Capreolus pygargus tianschanicus Satunin, 1906 [5] or Capreolus pygargus bedifordi Thomas, 1908 [9] . However, several recent genetic and morphological studies have suggested that the roe deer on Jeju Island (Jeju roe deer [JRD] ) is different from the roe deer on the Korean peninsula (mainland roe deer [MRD]) [13, 15, 16, [19] [20] [21] . The JRD has a smaller body and skull than the MRD [19] [20] [21] and is genetically more similar to populations in western Siberia than those in the Far East [13, 15, 16] . Therefore, the possibility that the JRD belongs to the subspecies Capreolus pygargus ochracean, not C. p. tianschanicus, has been suggested [13] . Moreover, the JRD has been proposed as a new subspecies [19, 21] . However, this opinion has not been accepted officially so far, likely due to insufficient morphometric data on structures other than the skull in JRD, and because the classification of deer subspecies has not been officially certified.
doi: 10.1292/jvms. This study, therefore, examined the branching patterns of the AA and its major branches in the JRD and compared them with those of the MRD and other ruminants.
Carcasses of 10 males and 19 females, stored at the Department of Science Education, College of Education, Jeju National University, with body weights ranging from 14.14 to 27.28 kg were dissected to take arterial casts. The ages of deer were estimated from the delivery season, the sequence of tooth eruption, and the abrasion state of premolar and molar teeth in the mandible [3, 5] . No approval is required from the Institutional Animal Care and Use Committee of Chonbuk National University for the use of dead deer.
Arterial casts and branching-pattern diagrams were produced as described previously [1, 2, 26] . Briefly, casts of arterial branches were created by retrograde infusion of commercial silicone (Lucky-Silicon, Wacker Chemical Korea Co., Ltd., Jincheon-Gun, Chungcheongbuk-do, Republic of Korea) into the abdominal aorta. As in a previous study on MRD [26] , if one artery originated with another vessel at the same site or at a neighboring site not greater than its lumen diameter, we regarded them as being at the same level or branching site. If the length of the common lumen of two arteries formed over the diameter of one vessel, then it was considered a common trunk. Diagrams of branching patterns were prepared for comparison with those of the MRD and other ruminants. The abbreviations of artery names are listed in Table 1 .
Similar to the MRD and other ruminants, only the BCT branched from the AA in all individuals. The branching site or level of the CCT varied: The CCT branched from the BCT directly before the SB, or from the SB, or at the same level or site as the SB on both sides. The classification of AA branching types was conducted as in a prior study of Siberian roe deer [26] . Briefly, classification as subtype A, B, or C was based on the branching site of the left costocervical trunk (LCCT), and that as subtype I, II, or III was based on the site of the right costocervical trunk (RCCT). In subtypes A and I, both CCTs arose from the BCT proximal to each SB. In subtypes B and II, the CCT and SB branched from the BCT at the same level or site. In subtypes C and III, the CCT branched from the SB. The types are thus described as combinations of these two kinds of subtypes. Of the nine types expected from a combination of the above criteria, a total of seven was observed, with some minor variations (Fig. 1, Table 2 ).
No type was detected in more than 50% of cases. Types CIII, BIII, and BII were the most frequently detected (27.6, 24.1, and 20.7%, respectively; Table 2 ).
Type CIII, which is similar to that in domestic ruminants, bovine and ovine, had a BCT from which first branched out the LSB, then ramified into the RSB and BC. The CCT, the IT and the SC were the first, second, and third branches, respectively, from the SB. The highest intercostal artery (HI), the dorsal scapular artery (DS), and the deep cervical artery (DC) branch out, in that order, from both CCTs. Then both CCTs continued as the vertebral artery (VT). Eight of twenty-nine (seven females, one male) deer were classified as this type. One variation on this type, a male, had a common trunk of the left HI and DS (Fig. 1) .
Type BIII, which was not observed in the MRD, was similar to CIII except that the branching site or level of the LCCT ramifies at the same site or level as the LSB. Seven deer (four males, three females) were classified as this type. Two variations, both in males, had a common trunk of the HI and DS on both sides, and no BC and a double DC on the left side (Fig. 1) .
Type BII is similar to BIII except that the branching site or level of the RCCT ramifies at the same site or level as the RSB. Six deer (five females, one male) were grouped into type BIII, with one variation in which a common trunk of the HI and DS was observed on both sides (Fig. 1) .
Types AII and CIII were observed in four (13.8%) and two (6.9%) deer, respectively. Types BI and CII were each observed in one deer. However, the deer classified as type BI was a variation with no BC. Types AI and CI were not observed (Fig. 1, Table 2 ). Interestingly, variations in each type were observed in only male deer. Generally, in ruminants such as cattle [7] , buffalo [4, 27] , ovine [7] , caprine [7, 14] , and deer [1, 2, 23, 26] , only the BCT originates from the AA. Common features of the branching patterns of the AA and its major arteries in ruminants are that the LSB and the RSB branch from the BCT as the first and last branches, respectively; and the HI, DS, and DC arise from the CCT in that order and the trunk continues as the VT. The differences are the presence or absence of the BC, the originating site of both CCTs from the BCT or SB, and the branching order of the IT and SC. The branching patterns of cattle [7] , ovine and caprine [7, 14] , pampas deer [23] , and Siberian roe deer [26] have the BC adjacent to the LSB. Korean water deer [1, 2] , buffalo [4, 27] , brown brocket deer, and axis deer [23] lack a BC. Furthermore, the first branch of the BCT is the LCCT in the axis deer [23] , and frequently in Siberian roe deer [26] . The BCT of axis deer bifurcates into the LSB and RSB adjacent to the LCCT, and four and five arteries branch from the left and right SB, respectively [23] .
Most ruminants have the typical pattern with only minor variations. However, in this study, seven of the nine expected types were observed in the JRD, subtypes CIII, BIII, and BII were the most frequently detected (27.6, 24.1, and 20.7%), followed by AII (13.8%) and AIII (6.9%). The MRD showed a similar frequency in distribution of branching patterns and, also, various AA branching patterns due to differences in the originating site or level of the LCCT [26] . In anatomy, any structure or pattern that occurs at a frequency of >50% is termed normal or typical [6] ; therefore, the Siberian roe deer has no typical branching pattern of the AA and its major arteries.
Unlike the MRD, the major types in the JRD were the CIII, BIII, and BII. In other words, the JRD and the MRD differed in Fig. 1 . Diagrams of branching patterns of the aortic arch of the JRD. Subtypes A, B, and C, and I, II, and III are based on the branching sites of the left and right costocervical trunks, respectively. Types are written as combinations of these subtypes. Larger diagrams enclosed in the thick lined boxes represent each type, and smaller ones in the thin lined boxes are its variants. Types AI, CI, and BI except for one variant, in the broken-lined box, were not observed. The numbers of males/females exhibiting each pattern are shown. Abbreviations are as indicated in Table 1 .
terms of the frequencies of subtypes I, II, and III. The frequencies of subtypes A, B, and C in the JRD and MRD were 20.7 and 37.1%, 48.3 and 37.1%, and 31.0 and 25.8%, respectively [26] . In contrast, the frequencies of subtypes I and III in the JRD and MRD were 3.5 and 74.3%, and 58.6 and 5.8%, respectively [26] . Subtypes I, II, and III are classified according to the branching pattern of the RCCT and RSB, so that the difference between the JRD and MRD likely resulted from differences in the branching pattern of the right rather than left arteries. Morphological differences in the body configuration and skull of the JRD and MRD have been reported. The body weight, total length, height at shoulder, body girth, front and hind foot length, ear length and width, and neck length of the JRD are smaller than those of the MRD [21] . A craniometric study similarly showed that the JRD has a smaller skull than the MRD. Moreover, compared with three other subspecies of Siberian roe deer, the JRD clustered with Capreolus pygargus melanotis, whereas the MRD was ranked third in skull size and grouped with Capreolus pygargus tianschanicus [19] . Genetic differences have revealed that the JRD differs from the MRD in the sequence of mitochondrial cytochrome b and the mitochondrial DNA control region, and is similar to northwestern and northern populations of the Siberian roe deer, Capreolus pygargus pygargus [13, 15, 20] . Furthermore, JRD clustered as a new isolated population [13, 15, 16, 20] , for which a new subspecies name, Capreolus pygargus jejuensis, has been proposed [19, 21] . In this context, differences in anatomical structure between the two populations are feasible. This is to our knowledge the first report that the morphology of blood vessels differs between the JRD and the MRD.
There is considerable morphological and genetic diversity among Siberian roe deer populations. Unlike other deer, it shows marked variation of the interparietal suture closure pattern [18] , craniometrics parameters [9, 10, 25] , B-chromosome number [5] , the genetic characteristics of microsatellite loci [16] , and the sequences of cytochrome b and mitochondrial DNA [13, 15, 20, 24, 29] . Indeed, this species shows mosaicism in that different numbers of B-chromosomes may occur in a single animal or in different animals from a single population, particularly in Far Eastern populations [5] . Intra-population diversity of blood-vessel patterns in Siberian roe deer has been reported previously [26] .
Interestingly, 17.2% of the JRD (five males) and 20.0% of the MRD (three males and four females) were minor variants. Most of the minor variants in the JRD were in the branching pattern of three arteries from the CCT, and one in which the BC was absent. Also, types CIII and BII were found only in females. Therefore, the JRD, unlike the MRD, might show sexual dimorphism in the AA branching pattern. These deer show sexual dimorphism in body length; in the JRD, females are bigger than males, and vice versa in the MRD [21] . Therefore, sexual dimorphism in the AA branching pattern is feasible. However, larger-scale studies are required to confirm this.
Our results suggest that the JRD, like the MRD, has various BCT branching patterns that are different from those of domestic ruminants and other deer species. Moreover, the main AA branching patterns of the JRD were different from those of the MRD, supporting the view that these two groups of deer should be regarded as separate populations.
